This study demonstrates for the first time the feasibility of producing ectoine (a high added value osmoprotectant intensively used in the cosmetic industry) during the continuous abatement of diluted emissions of methane by Methylomicrobium alcaliphilum 20Z in stirred tank reactors under non-sterile conditions. An increase in NaCl concentration in the cultivation broth from 3 to 6 % increased the intra-cellular ectoine yield by a factor of 2 (from 16.5 to 37.4 mg ectoine (g biomass) -1 ), while high stirring rates (600 rpm) entailed a detrimental cellular stress and 3 times lower ectoine yields (5.6 mg ectoine (g biomass) -1 ) compared to process operation at 300 rpm. An increase in Cu 2+ concentration from 0.05 to 25 µM enhanced methane abatement by a factor of 2 (up to elimination capacities of 24.5 g m -3 h -1 ), did not enhance intra-cellular ectoine production but promoted the excretion to the cultivation broth of 20 % of the total ectoine synthesized regardless of the NaCl concentration and stirring rate. The results obtained by culture hybridization with the specific probe Mγ1004 showed that Methylomicrobium alcaliphilum 20Z
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Introduction
Methane (CH 4 ), with a global warming potential 25 times higher than that of CO 2 in a 100 y horizon, is nowadays the second most relevant greenhouse gas (GHG) emitted to the atmosphere (European Environmental Agency, 2015) . CH 4 can be used as an energy vector for the production of electricity and heat when its concentration is higher than 20 %, however, more than 56 % of the anthropogenic CH 4 emissions worldwide contain concentrations of this GHG lower than 5 % (Estrada et al., 2014; IPCC, 2014; EEA, 2015) . CH 4 abatement using conventional physical/chemical technologies is either inefficient or too costly at such low concentrations, and often entails a large CO 2 footprint (Estrada et al., 2014; Nikiema et al., 2007) . In this context, biological treatment technologies can become a low cost and environmentally friendly alternative to their physical/chemical counterparts for the treatment of diluted CH 4 emissions (López et al., 2013 ).
However, the widespread implementation of methane treatment biotechnologies is still restricted by i) the low mass transfer of CH 4 from the emission to the bacterial community due to its high hydrophobicity, which entails high investment and operating costs; and ii) the lack of knowledge about the potential industrial applications of methanotrophic bacteria for the bioconversion of CH 4 into high-added value products, which would significantly enhance the economic viability of the process (López et al., 2013; Strong et al., 2016) . Indeed, the biological oxidation of diluted CH 4 emissions combined with the production of high added value products could be, if properly tailored, a cost-competitive approach to mitigate climate change.
Ectoine (1,4,5,6-tetrahydro-2-methyl-4-pyrimidinecarboxylic acid) is one of the most valuable bioproducts synthezised by microorganisms, retailing in the pharmaceutical industry at approximately US$1000 kg -1 (among the most important pharmaceutical companies that produce ectoine nowadays can be found Merk, Johnson & Johnson, Larens, Bioderma…) . The global 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 4 production while boosting climate change mitigation via active CH 4 abatement. In this context, the optimization of the cultivation conditions to promote ectoine accumulation and its continuous excretion from the cell to the culture broth, either following a process similar to the currently used with Halomonas elongata, namely "bio-milking", or by promoting the natural excretion of ectoine to the culture broth in bioreactors, is crucial to ensure the technical and economic viability of the process (Cantera et al., 2016b ).
The present study aimed at systematically elucidating the influence of copper (Cu 2+ ), NaCl concentrations and stirring rate on the continuous abatement of methane combined with the production of extra and intra-cellular ectoine in stirred tank bioreactors using the strain M.
alcaliphilum 20Z.
Materials and Methods

Chemicals and mineral salt medium
A high-alkalinity mineral salt medium (MSM) with a final pH of 9.0 was used (Kalyuzhnaya et al. 2008 ). NaCl and CuCl 2 ·2H 2 O were added to the MSM at the concentrations tested in each experimental run (Table 1) . Unless otherwise specified, all chemicals and reagents were obtained from Panreac (Barcelona, Spain) with a purity higher than 99.0 %. CH₄ (> 99.5 %) was purchased from Abello-Linde S.A (Barcelona, Spain).
Microorganisms and inoculum preparation
Methylomicrobium alcaliphilum 20Z, an halophilic alkalitolerant methanotrophic strain able to synthesize ectoine (Kalyuzhnaya et al., 2008) , was acquired from DSMZ (Leibniz-Institut, Germany). An aliquot of 1 mL of M. alcaliphilum 20Z stock liquid culture was inoculated in 120 mL glass bottles containing 90 mL of 3 % NaCl/0.05 µM Cu 2+ MSM. The bottles were closed with gas-tight butyl septa and aluminum caps, and CH 4 was then injected to the headspace in 5 order to reach an initial concentration of 50 % v/v air/CH 4 . The inocula were incubated at 25 ºC under orbital agitation at 220 rpm to a final biomass concentration of 0.1 ± 0.06 g L -1 .
Experimental set-up and operational conditions
1-L jacketed stirred tank reactors (STR) (Afora S.A., Spain) equipped with a Rushton turbine were used for the continuous abatement of CH 4 coupled with ectoine production. The STRs were filled with 950 mL of MSM and 50 mL of the inoculum previously described. A 0.033 L min stream (from a CH 4 gas cylinder stored in a safety gas cylinder cabinet and regulated by a mass flow controller, Aalborg, USA) with a continuous pre-humidified air flow, resulting in a gas empty bed residence time (EBRT) of 30 min. 500mL of culture broth were replaced by fresh MSM every two days to prevent the accumulation of inhibitory metabolites and to maintain optimal nutrient concentrations. 400 mL of the total 500 mL drawn were centrifuged at 10000 rpm for 10 min and the biomass pellet was returned to the bioreactor prior resuspension in 500 mL of fresh MSM. The remaining 100 mL of aqueous cultivation broth were used for the determination of the biomass concentration (measured as culture absorbance and total suspended solids (TSS)), total nitrogen (TN), as well as intra and extra-cellular ectoine. Samples for the determination of TSS, TN and ectoine concentrations were drawn every two days. Six different operational conditions were tested (Table 1 ). In experimental runs 1 and 2, the stirring rate and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   6 experimental runs 3 and 4. Finally, experimental runs 5 and 6 were carried out at a Cu 2+ concentration of 25 µM, 300 rpm and NaCl concentrations of 3% and 6 %, respectively, in order to assess the influence of Cu 2+ on the simultaneous production of ectoine and CH 4 removal (by comparison with experimental runs 1 and 2). No experimental runs at a Cu 2+ concentration of 25 µM and agitation rate of 600 rpm were performed due to the poor process performance recorded in test 3 and 4. All experimental runs were maintained for 50 days, which ensured process operation under steady state conditions. Prior to inoculation, an abiotic test with MSM was performed for 5 days at the above described operational conditions to assess any potential removal of CH 4 by adsorption or photodegradation in the experimental set-up.
<Table I>
Temperature was maintained at 25 ºC in all experiments. Distilled water was weekly added to compensate water evaporation losses. Steady state conditions were achieved when the elimination capacity (CH 4 -EC) and CO 2 production rates (TPCO 2 ) deviated <10 % from the mean for at least 20 days. Gas samples for CH 4 and CO 2 analysis were periodically taken from the sampling ports located at the inlet and outlet of the bioreactors using 100 µl gas-tight syringes (HAMILTON, Australia). Biomass samples were taken at the end of each steady state for the identification and quantification of Methylomicrobium alcaliphilum 20Z by double labeling of oligonucleotide probes fluorescence in situ hybridization (DOPE-FISH).
Analytical procedures
The intra-cellular ectoine contained in 2 mL of cultivation broth was extracted to the extracellular medium according to Cantera et al. (2016b) . The specific intra-cellular ectoine concentration (g ectoine g biomass -1 ) was calculated using the corresponding TSS concentration
). An aliquot of 1 mL of cultivation broth was also drawn and filtered through 0. ). After hybridization, the slides were submerged in 50 ml washing buffer for 20 minutes to remove unbound oligonucleotides.
Total DNA was stained using DAPI (4P, 6-diamidino-2-phenylindole) (Sigma, Spain). After airdrying at room temperature, cover glasses were mounted with 2 μL Citifluor to reduce the fading of the fluorescent dyes used for labelling (Citifluor Ltd., UK). For quantitative FISH analysis, 15
images were randomly obtained from each condition using a Leica DM4000B microscope (Leica Microsystems, Wetzlar, Germany) equipped with a Leica DFC300FX camera. The relative biovolumes (percentage) of Methylomicrobium from the total DAPI-stained bacterial population were calculated using the software DAIME (Daims et al., 2006) . The averaged bio-volume fractions of Methylomicrobium and the standard error of the mean were calculated for each experimental run. Phase contrast images were also acquired to monitor the appearance of Methylomicrobium population at the end of the six experimental runs.
Data analysis
The statistical data analysis was performed using SPSS 20.0 (IBM, USA). The results are given as the average ± standard deviation. The homogeneity of the variance of the parameters was evaluated using a Levene test. Significant differences were determined by ANOVA and post-hoc analysis for multiple group comparisons. Differences were considered to be significant at p ≤ 0.05.
Results and Discussion
Influence of operational conditions on intra-cellular ectoine production
The concentration of intra-cellular ectoine peaked at days 5-7 regardless of the operational conditions evaluated ( Figure 1 ). The intra-cellular ectoine yield sharply decreased afterwards, increasing again to achieve another relative maximum concentration between days 11 and 14
( Figure 1 ). Finally, the intra-cellular ectoine concentration decreased and stabilized from day 28 onward (Figure 1 ).
< Figure 1>
The correlation between an intensive production of ectoine and M. alcaliphilum 20Z exponential growth has been previously reported in batch wise cultivations. Khemelenina et al. (2000) observed that intra-cellular ectoine concentration peaked in the mid-exponential growth phase of M. alcaliphilum 20Z, and decreased afterwards during the growth-retardation phase, which suggested that ectoine can be used for the synthesis of other cell constituents. Cantera et al.
(2016b) confirmed the over-production of intra-cellular ectoine during the exponential growth phase of M. alcaliphilum 20Z. This phenomenon could be associated to a hyperosmotic shock that initially resulted in an over-expression of the ectabc operon followed by a decrease in the concentration of ectoine, which was likely re-assimilated by cell metabolism .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10
The steady state intra-cellular ectoine yield was comparatively evaluated at the operational conditions tested (Figure 2 ). Cu 2+ concentration did not show an effect on ectoine accumulation despite Cu 2+ is a key micronutrient for type I methanotrophs (Semrau et al., 2010) . Nevertheless, NaCl concentration showed a major influence on the accumulation of intra-cellular ectoine in the long-term operation. A NaCl concentration of 6 % was identified in this study as the optimum salinity for the accumulation of intra-cellular ectoine, supporting average concentrations of 31.4 ± 1.5 and 37.4 ± 3.8 mg ectoine (g biomass) -1 at 300 rpm under low and high Cu 2+ concentrations (experimental runs 2 and 6), respectively. On the contrary, a NaCl concentration of 3 % supported lower ectoine yields (17.6 ± 0.9 and 16.5 ± 1.8 mg ectoine (g biomass) -1 at 300 rpm and 0.05 and 25 µM (experimental runs 1 and 5), respectively). In spite of the improved ectoine accumulation detected at higher salt concentrations (~ 2.2 times higher), this increase was lower compared with previous studies carried out batch wise, which reported ectoine productions up to 4 times higher when increasing the cultivation broth salinity from 3 to 6-7 % during the exponential growth phase (But et al., 2013; Cantera et al., 2016b) . In contrast, the increase in agitation rate from 300 to 600 rpm negatively affected the accumulation of intra-cellular ectoine.
In the experimental run 3 (3% NaCl and 600 rpm), the accumulation of intra-cellular ectoine decreased by a factor of 3 % (5.6 ± 2.9 mg ectoine (g biomass) -1 ) compared to the experimental runs at 3% NaCl and 300 rpm. In the case of the experimental run 4 (6 % NaCl and 600 rpm) the accumulation of intra-cellular ectoine decreased by a factor of 1.5 (23.8 ± 1.1 mg ectoine (g biomass) -1 ) compared to the experimental runs at 6% NaCl and 300 rpm. Although higher agitation rates can enhance the mass transfer of methane from the emission to the aqueous microbial community (Cantera et al., 2015) , they can also induce a pernicious cellular stress, which resulted in a severe damage of the Methylomicrobium alcaliphilum 20Z culture.
<Figure 2>
Influence of operational conditions on ectoine excretion
Extra-cellular ectoine was always detected under all operational conditions but with a different accumulation pattern to that recorded for the intra-cellular ectoine. In this context, the maximum extracellular ectoine concentration at 300 rpm and 0.05 µM Cu 2+ was recorded by day 27 at 3 % NaCl (1.9 mg L -1 , corresponding to 1.3 mg g -1 ) and by day 22 at 6 % NaCl (2.2 mg L -1 , corresponding to 1.5 mg g -1 ) (experimental runs 1 and 2, respectively). However, negligible extra-cellular ectoine concentrations were detected from day 29 onward, regardless of the culture salinity ( Figure 3a) . At 600 rpm and 0.05 µM Cu 2+ the maximum ectoine excreted to the medium was 3.1 mg L -1 (corresponding to 3.4 mg g -1 ) at 3 % NaCl on day 13 and 3.8 mg L -1 (corresponding to 3.8 mg g -1 ) at 6 % NaCl on day 13 (experimental runs 3 and 4, respectively).
Ectoine excretion remained stable until the end of the operation at steady values of 1.3 ±0.2 and 1.7 ±0.4 mg L -1 , respectively (Figure 3b ). The presence of ectoine in the extra-cellular medium along the 50 days of bioreactor operation at agitation rates of 600 rpm was likely mediated by a mechanical cell disruption induced by shear stress.
M. alcaliphilum 20Z is not described as a strain able to naturally excrete ectoine to the culture broth (Khmelenina et al., 1999; Reshetnikov et al., 2006) . Therefore, the cost-efficient industrial production of ectoine by this strain requires a two-stage fed-batch process to first attain a high cell density culture with a high concentration of intra-cellular ectoine, and then excrete the accumulated ectoine by hypoosmotic shocks (Pastor et al., 2010; Strong et al., 2016) . However, this study showed that at a Cu 2+ concentration of 25 µM and 300 rpm the extra-cellular concentrations recorded were significantly higher than at 0.05 µM Cu 2+ . Ectoine excretion remained low during the first week of operation, but increased up to 5.9 ± 0.6 and 12.9 ± 0.7 mg L -1 by the end of experimental runs 5 and 6, corresponding to 6.1 ± 0.9 and 8. concentrations.
<Figure 3>
Low Cu 2+ concentrations (experimental runs 1, 2, 3 and 4) always resulted in the accumulation of intra-cellular ectoine, with only ~ 1% of that intra-cellular ectoine excreted to the culture broth.
However, process operation at high Cu 2+ concentrations (25 µM) supported similar intra-cellular ectoine concentrations, but with an ectoine excretion of ~ 22 % of the total ectoine synthesized.
In this sense, the total concentration of ectoine in non-ectoine excreting strains is equal to the intra-cellular concentration required to preserve the osmotic balance, while ectoine excreting strains maintain the required concentrations of intra-cellular ectoine despite releasing ectoine into the culture broth (Lang et al., 2011) . Nevertheless, our study showed that modifications in the cultivation conditions can promote the excretion of ectoine by inducing changes in cell physiology. Therefore, those conditions that promote the excretion of ectoine in non-naturally excreting strains can enhance the cost-competitiveness of industrial ectoine production since no further mechanical extraction would be needed.
<Figure 4>
Influence of operational conditions on methane abatement
A constant pH of 8.6 ± 0.4 was recorded in all experimental runs regardless of the operating conditions, which favored the growth of the alkalophilic M. alcaliphilum 20Z while preventing opportunistic contamination. The concentration of nitrogen was also daily monitored as total nitrogen and maintained between 100 and 130 mg L -1 to avoid nitrogen limitation, since nitrogen has been previously identified as a key factor for ectoine synthesis (Khmelenina et al., 2000) . No 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 significant CH 4 degradation occurred along the abiotic removal test, as shown by the negligible difference (<1%) between inlet and outlet CH 4 gas concentrations in the STR.
Process operation at low Cu
2+ concentrations (experimental runs 1-4) was characterized by a steady CH 4 abatement performance from day ~27 onward, while both CH 4 -EC and TPCO 2 stabilized by day ~23 when operating at high Cu 2+ concentrations. NaCl concentration did not influence significantly CH 4 -ECs at 300 rpm and low Cu 2+ concentrations, which remained constant at 16.5 ± 2.0 g CH 4 m -3 h -1 at 3 % NaCl and 14.8 ± 1.1 g CH 4 m -3 h -1 at 6 % NaCl ( Figure   5 ). Methane has an inherently low solubility in water based on its hydrophobic nature. In this regard, the dimensionless CH 4 partition coefficient in water is 30 at 25 ºC (Rocha-Ríos et al.,
2009), which often entails a low CH 4 availability to the microbial community. Moreover, there is a consistent evidence that CH 4 solubility in water gets reduced at higher cultivation broth salinities, thus limiting even more the mass transfer of CH 4 from the emission to the microbial community (Duan and Mao, 2006) . However, in this study no significant effect of salinity to the methane mass transfer was recorded, which always limited the process under steady state ( Figure   S2 ).
NaCl concentration did affect the growth of M. alcaliphilum 20Z during the initial stages of experimental run 2 (300 rpm, 0.05 Cu 2+ and 6% NaCl), which resulted in a longer lag phase (19 days compared to 10 days at 3% NaCl). However, no significant differences between the steady state biomass concentrations were observed at low and high salt concentrations ( Figure 6 ).
<Figure 5>
On the contrary, CH 4 abatement was significantly affected by the agitation rate. Hence, the CH 4 -ECs recorded at 600 rpm (CH 4 -ECs of 10.1 ± 1.1 g CH 4 m -3 h -1 at 3 % NaCl and 5.0 ± 1.0 g CH 4 m -3 h -1 at 6 % NaCl) were significantly lower than those achieved at 300 rpm ( Figure 5 ). Higher agitation rates often support a better mass transfer of methane from the gas to the microbial 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 community, thus enhancing CH 4 -EC (Estrada et al., 2014; Cantera et al. 2015) . However, higher agitation rates in our study promoted an unexpected cell disruption as a result of a high shear stress on M. alcaliphilum 20Z ( Figure S2) . Indeed, the concentration of biomass (g L -1 ) at 300 rpm was two times higher than that at 600 rpm (Figure 6 ), which shifted the mass transfer limitation typically encountered in methane-treating bioreactors to a microbial activity limitation.
Surprisingly, despite lower CH 4 -ECs were achieved at 600 rpm, the CO 2 productions recorded at 300 rpm were significantly similar to those achieved at 600 rpm. The TPCO 2 at 3 and 6 % were, respectively, 11.5 ± 2.3 and 11.7 ± 0.83 g CO 2 m -3 h -1 under 300 rpm, and 10.2 ± 3.0 and 10.6 ± 0.9 g CO 2 m -3 h -1 under 600 rpm. Thus, the mineralization ratios at 300 rpm were 47.0 ± 7.7 at 3% NaCl and 43.6 ± 7.7 at 6% NaCl, which entails that more than 50% of the C-CO 2 is used for biomass production. However, the average mineralization ratios recorded at 600 rpm were 79.6 ± 9.1 % at 3% NaCl and 79.9 ± 10.0 % at 6% NaCl. This is in agreement with literature studies reporting a higher share of the organic substrate being directed to energy-yielding reactions under cell stress scenarios (Chung et al., 2006) .
Finally, the increase in Cu 2+ concentration from 0.05 to 25 µM enhanced methane abatement regardless of the salinity in the cultivation broth, with CH 4 -ECs of 24.5 ± 1.8 and 22.4 ± 2.1 g CH 4 m -3 h -1 at 3 and 6 % NaCl, respectively. This finding confirmed the key role of Cu 2+ on the expression of the enzyme particulate methane monooxygenase in type I methanotrophs, and revealed that CH 4 abatement and ectoine production were limited by Cu 2+ availability during experimental runs 1-4 (Semrau et al., 2010 , Cantera et al., 2016a enhanced CH 4 -ECs ( Figure 6 ).
<Figure 6>
Process microbiology
Phase contrast microscopy observations revealed two different morphologies of
Methylomicrobium-like bacteria depending on the operational conditions tested. Agitation rates of 600 rpm favored rod-shaped bacteria under low Cu 2+ concentrations regardless of salinity, while agitation rates of 300 rpm supported the predominance of sphered-shaped bacteria regardless of the Cu 2+ and NaCl concentrations ( Figure S1 , supplementary materials).
Pleomorphology (the ability of bacteria to alter their shape or size in response to environmental conditions) has been previously observed in Methyloccocus and Methylosarcina cultures, which are the closest phylogenetical lineages to the genus Methylomicrobium (Wise, 2001) .
Methylomicrobium cells at high Cu 2+ concentrations appeared embedded in a dense matrix likely composed of the excreted ectoine (Figure7).
Methylomicrobium-like bacteria population was quantified by FISH analysis with the specific probe Mγ1004 using the total DAPI-stained bacteria as a reference (Figure 7) . The results showed that the genus Methylomicrobium accounted for more than 80% of the total bacterial population in most experimental runs. Methylomicrobium population in experimental runs 1, 3, 4 and 5 accounted for 89.2 % (se = 3.2), 102.9 % (se = 4.5), 104.9 % (se = 4.9) and 81.0 % (se = 3.4) of the total bacterial population, respectively. The biovolume fractions of Methylomicrobium in experimental runs 2 and 6 were slightly lower: 73.0 % (se = 3.5) and 69.1 % (se = 4.1), respectively. Biovolume shares higher than 100 % can be attributed to the fact that probehybridized cells can slightly increase their size/volume after hybridization. The high hybridization shares recorded suggested that the extreme conditions prevailing during the 6   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 16 experimental runs (alkaline pH and high salinity) prevented culture contamination with opportunistic microorganisms, which guarantees process robustness even under non-sterile conditions.
<Figure 7>
Conclusions
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